S
troke is the fourth leading cause of death and the leading cause of disability. Thrombolytic therapy and endovascular removal of thrombi are the only approved therapies for acute ischemic stroke and must be instituted early after the ischemic event. Because of this limited window of therapeutic time, only a small percentage of stroke patients have so far benefited from these interventions 1 . On the other hand, innate and adaptive immune responses initiated after cerebral ischemia unfold over days to weeks after stroke [2] [3] [4] [5] [6] . Cerebral ischemia causes release of highly immunogenic cellular components, or danger/damage-associated molecular patterns (DAMPs), from the brain into the systemic circulation. These DAMPs activate and recruit peripheral innate and adaptive immune cells to ischemic brain regions. Experimental manipulations suggest that both toxic and protective inflammatory processes are activated after stroke [7] [8] [9] [10] [11] , with toxic effects including generation of proinflammatory cytokines, proteases and reactive oxygen species by inflammatory cells, and protective effects consisting of clearance of injured tissue by myeloid cells and the establishment of a regenerative environment [12] [13] [14] . Therefore, identification of molecular and cellular pathways that could either enhance the beneficial effects or dampen the toxic effects of post-stroke inflammation will be critical in developing novel therapies to improve stroke outcome.
In this study, we hypothesized that attenuating the proinflammatory component of the post-stroke immune response might reduce stroke severity. Triggering receptor expressed in myeloid cells 1 (TREM1), an inflammatory type I membrane receptor, is expressed on myeloid lineage cells and is a potent amplifier of innate immune responses 15, 16 . TREM1 magnifies the proinflammatory response by synergizing with classical pattern recognition receptors, such as Toll-like receptors and Nod-like receptors. TREM1 amplifies proinflammatory cytokine and chemokine production, including interleukin-8 (IL-8), monocyte chemoattractant protein-1 (MCP-1), MCP-3 and macrophage inflammatory protein-1α (MIP-1α) 15 , inhibits IL-10 17 and enhances protease production, neutrophil degranulation and oxidative bursts 18 . Such TREM1-mediated amplification of proinflammatory immune responses worsens outcome in models of infection, inflammatory bowel disease 19, 20 and sepsis [21] [22] [23] [24] , and in non-infectious models, including rheumatoid arthritis 25 , pancreatitis 26 , atherosclerosis 27 , cancer 28 and fibrosis 29 . Since brain ischemia leads to the release of cellular proteins, lipids and other immunogenic materials from brain, we hypothesized that early post-stroke innate immune responses may be amplified by TREM1. Here we show that, in a rodent model of transient focal cerebral ischemia, TREM1 is selectively induced in peripheral myeloid cells that traffic to the ischemic brain and that inhibition of TREM1 reduces stroke injury. Peripheral TREM1 induction occurs not only in spleen, but also in intestinal inflammatory macrophage subsets following sympathetic-mediated increases in gut permeability; we find that intestinal TREM1 amplifies gut permeability, the peripheral innate immune response and bacterial translocation to the periphery. These findings provide evidence that peripheral myeloid cells worsen cerebral injury via TREM1 amplification of immune responses to both sterile brain components and gut microbial pathogens.
*
Stroke is a multiphasic process in which initial cerebral ischemia is followed by secondary injury from immune responses to ischemic brain components. Here we demonstrate that peripheral CD11b + CD45 + myeloid cells magnify stroke injury via activation of triggering receptor expressed on myeloid cells 1 (TREM1), an amplifier of proinflammatory innate immune responses.
TREM1 was induced within hours after stroke peripherally in CD11b
+ CD45 + cells trafficking to ischemic brain. TREM1 inhibition genetically or pharmacologically improved outcome via protective antioxidant and anti-inflammatory mechanisms. Positron electron tomography imaging using radiolabeled antibody recognizing TREM1 revealed elevated TREM1 expression in spleen and, unexpectedly, in intestine. In the lamina propria, noradrenergic-dependent increases in gut permeability induced TREM1 on inflammatory Ly6C
+ MHCII + macrophages, further increasing epithelial permeability and facilitating bacterial translocation across the gut barrier. Thus, following stroke, peripheral TREM1 induction amplifies proinflammatory responses to both brainderived and intestinal-derived immunogenic components. Critically, targeting this specific innate immune pathway reduces cerebral injury.
Results

TREM1
+ myeloid cells infiltrate ischemic brain. The middle cerebral artery occlusion-reperfusion model of transient focal cerebral ischemia (MCAo) is a widely used model for stroke, a condition characterized by temporary occlusion of an arterial vessel followed by reperfusion into ischemic brain tissue (Fig. 1a) . We confirmed the dynamics of myeloid cell trafficking from the periphery to ischemic brain 48 h after MCAo in Cx3cr1 GFP/+
Ccr2
RFP/+ double transgenic mice 30, 31 (Fig. 1b, 
c). Analysis of Cx3cr1
GFP/+ Ccr2 RFP/+ mice allows for simultaneous tracking of green fluorescent protein (GFP + ) microglia and red fluorescent protein (RFP + ) peripheral monocytes/macrophages (Mo/MΦ) and polymorphonuclear neutrophils (PMNs) that have trafficked to ischemic brain 32 .
CD11b
+ myeloid cells were stained with anti-CD45, to distinguish CD45 int -resident microglia from CD45 hi peripherally derived Mo/MΦ, anti-Ly6G, to identify PMNs, and were evaluated for GFP and RFP expression; NK cells, which are CD11b + non-myeloid cells and infiltrate the ischemic hemisphere 33 , were not evaluated in this study (Fig. 1c) . We also assessed changes in myeloid cell dynamics over the first 7 d following MCAo ( Supplementary Fig. 1a-c) Fig. 1d and Supplementary Fig. 1d ). TREM1 expression increased in ischemic IL compared to sham IL hemispheres in CD11b + CD45
+ myeloid cells at 2 and 6 d after MCAo ( Fig. 1e and Supplementary  Fig. 1e ). High TREM1 expression was observed on both infiltrating CD11b + CD45 hi Mo/MΦ and CD11b + CD45 hi Ly6G + PMNs 48 h after MCAo (Fig. 1f and Supplementary Fig. 1f) , with the largest fold induction in Mo/MΦ that basally express less TREM1 than PMNs. PMNs showed consistently high cell surface expression of TREM1, which was comparable to levels seen on PMNs from sham controls; microglia showed low levels of TREM1 that + myeloid cells at 2 d and 6 d after MCAo in ipsilateral (IL) ischemic hemisphere relative to contralateral (CL) non-ischemic and sham IL and CL hemispheres (n = 6 biologically independent samples per group at 2 d and n = 7 per group at 6 d, mean ± s.e.m.; two-tailed Student's t-test **P < 0.01, *P < 0.05 for comparison of IL MCAo and sham hemispheres at 2 and 6 d, respectively). See Supplementary Fig. 1d ,e. f, MFI of TREM1 on CD11b
Ly6G
− Mo/MΦ and CD11b + CD45 int microglia at 2 d and 6 d after MCAo; n = 6 biologically independent samples per group at 2 d and n = 7 at 6 d, mean ± s.e.m.; two-way ANOVA for IL MCAo versus IL sham hemispheres; effect of MCAo in Mo/MΦ: P < 0.001, effect of time P = 0.0154; effect of time in microglia P < 0.001; Bonferroni post-hoc comparisons: ***P < 0.001 for Day 2 IL MCAo versus IL sham hemisphere and P < 0.01 or ****P < 0.001 for Day 6 IL MCAo versus Day 6 IL sham hemisphere). See Supplementary Fig. 1f .
did not change with cerebral ischemia. Thus, TREM1
+ Mo/MΦ and PMNs infiltrate the ischemic hemisphere from the periphery after stroke.
Early induction of peripheral TREM1 after stroke. As TREM1 was expressed predominantly on infiltrating Ccr2
RFP+/− cells, we investigated the time course of TREM1 surface induction in peripheral myeloid cells. Previous studies have highlighted an important role of the spleen as a reservoir for myeloid cells that traffic to injured myocardial tissue 34 , so we examined changes in splenic myeloid cell populations after MCAo (Fig. 2a,b) . Over the initial 7 d after MCAo, there was a significant decline in splenic PMNs beginning at Day 2, with a trend in decline of Mo/MΦ as well, probably reflecting an egress of myeloid cells transiting out of the spleen to the ischemic hemisphere.
We next examined the time course of the appearance of TREM1-expressing cells in the periphery in blood and spleen at 1 h, 4.5 h, 2 d and 6 d (144 h) after either sham surgery or MCAo (Fig. 2c,d ). Basal levels of TREM1 surface expression differed markedly between macrophages and neutrophils; under physiologic conditions, TREM1
+ Mo/MΦ and PMNs comprised 10.74% and 90.04% of blood Mo/MΦ and PMNs, respectively, and 5.18% and 65.62% of splenic Mo/MΦ and PMNs, respectively ( Supplementary Fig. 2 ), consistent with previously observed PMN frequencies 24 . A significant induction of TREM1 expression was evident early, at 4.5 h after MCAo, in peripheral Mo/MΦ in both blood and spleen (Fig.  2c,d ). Comparisons of peripheral versus brain-infiltrating Mo/MΦ showed a marked increase in TREM1 mean fluorescence intensity (MFI) in the ischemic hemisphere compared with blood Mo/MΦ at Day 2 after MCAo (Supplementary Fig. 2c ). Systemic innate immune responses are thus triggered early, within hours after MCAo, with TREM1
+ myeloid cells subsequently appearing in the ischemic hemisphere after MCAo.
TREM1 immune amplification worsens stroke outcome. We next tested the effect of genetic Trem1 ablation 24 and elimination of TREM1-mediated immune amplification following MCAo. Flow cytometry revealed a gene dose-dependent reduction in TREM1 MFI and frequency of TREM1 + cell subsets (Fig. 3a,b and Supplementary Fig. 3a (Fig. 3c,d ). Infarct volumes were significantly decreased in Trem1 −/− mice at 48 h after MCAo (Fig. 3e,f) . These findings suggest that mortality accompanying the MCAo reperfusion model is enhanced by TREM1-mediated amplification of post-ischemic innate immune responses.
Changes induced by TREM1 deficiency after ischemia. We next determined the molecular changes associated with deletion of Trem1 using whole-transcriptome analysis of CD11b + CD45 Supplementary Fig. 3b ). Principal component analysis (PCA) showed separation of PMNs, Mo/MΦ and microglia, consistent with distinct molecular signatures defining these three myeloid cell types after stroke (Fig. 3g) . Changes in gene expression (false discovery rate (FDR) < 0.05, absolute fold change ≥2) were significant in PMNs, where 815 genes were differentially regulated; of these, 678 genes (83.19%) were upregulated and 137 genes (16.8%) were downregulated in Trem1 −/− versus Trem1 +/+ PMNs (Fig. 3h ). In contrast, nine genes were differentially regulated in macrophages (FDR < 0.05, absolute fold change >2; Supplementary Fig. 3e ) and none in microglia (FDR < 0.05, any fold change). These differences are consistent with cell-specific levels of expression of TREM1 ( primary peritoneal macrophages demonstrated a trend towards increased GSH/GSSG ratios in Trem1 −/− macrophages (Fig. 3k ). TREM1 deficiency also increased lysosomal gene transcription ( Supplementary Fig. 3d ), suggesting enhanced lysosomal clearance of ischemic debris.
Trem2 was among the most differentially expressed genes identified in Trem1 −/− PMNs versus wild-type PMNs (11.2-fold increase, P < 0.0001; Fig. 3l ). Trem2 encodes the related TREM2 immune receptor that functionally opposes TREM1 (ref. 16 ). Recent studies have highlighted a protective role of microglial TREM2 in neurodegenerative diseases [36] [37] [38] and cerebral ischemia 39 . TREM2 signaling in peripheral myeloid cells is associated with cell survival and proliferation, chemotaxis, anti-inflammatory polarization and homeostasis [38] [39] [40] [41] [42] . In separate experiments, we observed a reciprocal regulation of Trem1 and Trem2 transcripts in RAW macrophages and BV-2 microglia in response to stimulation with lipopolysaccharide (LPS) ( Supplementary Fig. 3g,h Fig. 3i ,j), potentially related to TREM2 effects on cell survival or chemotaxis. Thus, TREM1 deficiency in the ischemic hemisphere elicited cerebroprotection through antioxidant glutathione metabolism and effects on anti-inflammatory TREM2 and lysosomal pathways.
TREM1 decoy peptide reduces cerebral injury.
The early peripheral induction of TREM1 suggested that targeting of TREM1 systemically might disrupt amplification of peripheral immune responses and reduce stroke injury. Accordingly, we tested whether the decoy peptide LP17, a 17-mer peptide sequence of TREM1 in the complementarity-determining region 3 (ref. 43 ), might attenuate TREM1 immune amplification. The LP17 sequence was previously identified as a highly conserved region of the extracellular domain of TREM1 across multiple species, including rats, mice and humans 44 . LP17 suppresses the proinflammatory cascade triggered in sepsis and reduces morbidity and mortality when compared with scrambled peptide 23, 43, 44 . LP17 or scrambled peptides administered after MCAo at the time of reperfusion (Fig. 4a,b and Supplementary Fig. 4a ) significantly improved neurological scores, infarct volume and Fig. 3i,j) . n, Percentage change in TREM2 expression with deletion of Trem1 in PMN, Mo/MΦ and microglia in ischemic hemisphere 2 d after MCAo (n = 7-10 biologically independent samples per group, mean ± s.e.m.; Student's two-tailed t-test, *P < 0.05, **P < 0.01 and ***P < 0.001).
survival, similarly to effects seen in Trem1 −/− mice. Control experiments testing the effect of LP17 in Trem1 −/− mice did not show differences in neurological scores or infarct volume ( Supplementary  Fig. 4c,d) .
Since an increase in peripheral TREM1 surface expression was observed at 4.5 h after MCAo in blood and spleen, we next administered LP17 or scrambled peptide at 4.5 h after MCAo. Neurological scores and infarct volume again improved (Fig. 4c,d ), but there was no beneficial effect on survival ( Supplementary Fig. 4b ), suggesting that a large component of the mortality observed in this model arises from activation of TREM1-dependent innate immune responses initiated hours after MCAo.
We examined the effect of LP17 on trafficking of peripheral myeloid cells to the ischemic hemisphere. Administration of LP17 at the time of reperfusion reduced brain-infiltrating CD11b + CD45 hi myeloid cells (Fig. 4e,f ) but led to a reciprocal increase in microglia 
Trem1
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Protein processing in ER KEGG pathways (q < 0.05) 
+/+ P = 0.0006 P = 0.0017 P < 0.0001 (Fig. 4g) . Proportions of CD11b + CD45 hi cells expressing TREM1 in the ischemic hemisphere also declined following LP17 treatment (Fig. 4h-j) . In line with reduced TREM1 signaling, we observed a reciprocal increase in TREM2 surface expression in both PMNs and Mo/MΦ ( Fig. 4k and Supplementary Fig. 4e ), similar to the inverse relationship observed in Trem1 −/− mice. Longer-term motor outcomes were assessed in mice administered four doses of LP17 or scrambled peptide at 4.5, 18, 26 and 48 h after MCAo. Neurological scores significantly improved after MCAo in LP17-treated mice ( Fig. 4l and Supplementary Fig. 4f ). At one week after MCAo, beam-walking tests to assess coordination and integration of motor movements showed better performance in LP17-treated mice versus scrambled peptide, with both LP17-and scrambled peptide-treated mice returning to baseline by 2 weeks (Fig. 4m,n and Supplementary Fig. 4g ). Thus, suppression of TREM1 activation improved both short-and longer-term function and was associated with a more benign myeloid cell infiltration.
Positron electron tomography (PET) reveals intestinal TREM1 induction after stroke. To investigate the in vivo extent of TREM1-mediated immune activation, we performed non-invasive molecular imaging of TREM1 using whole-body PET/computed tomography (CT) imaging of MCAo versus sham mice. A TREM1-specific monoclonal antibody (mAb) was radiolabeled with 64 Cu for use as a PET tracer. In vitro binding studies confirmed specificity of [ We then examined the distribution of [ 64 Cu]TREM1-mAb in vivo after either sham surgery or MCAo (Fig. 5a-d and Supplementary Video 1). PET tracer was injected 12 h after MCAo, and mice were imaged 24 h later, corresponding to 36 h after MCAo. PET imaging showed significantly higher uptake in the ipsilateral infarcted cortex and striatum compared to the contralateral hemisphere. The ratio of ipsilateral cortex-to-contralateral cortex at 24 h was 1.36 ± 0.12. The ratio of ipsilateral striatum-to-contralateral cortex at 24 h was 1.44 ± 0.16. We also observed significantly increased PET signal in the spleen and also in intestine, compared with sham mice and MCAo mice imaged with [ 64 Cu]isotype-control (Fig. 5c,d ). The [ 64 Cu]TREM1-mAb PET signal was not significantly elevated in other peripheral organs, including bone marrow, liver, heart and lung ( Supplementary Fig. 5b) .
In vivo PET findings were then validated with ex vivo gamma counting measurements ( Supplementary Fig. 5c-e (Fig. 5e,f) . Taken together, these findings demonstrate a marked increase in the TREM1 PET signal after cerebral ischemia in the brain and in the spleen, in line with flow cytometry findings, but also in the intestine.
Effects of TREM1 induction in intestinal Mo/MΦ subsets.
The lamina propria of the intestine contains a large reservoir of macrophages that maintains an intact gut epithelial barrier and an anti-inflammatory homeostatic microenvironment 45 . Recent   Fig. 4 | The TREM1 decoy peptide LP17 reduces stroke injury. Mice underwent MCAo and were administered LP17 or scrambled peptides either at reperfusion (t = 0 h) or 4.5 h (t = 4.5 h) after reperfusion. a, Neurological scores from WT mice administered LP17 at reperfusion (biologically independent samples per group, n = 16 mice + scrambled peptide and n = 18 mice + LP17, mean ± s.e.m.; two-way ANOVA, repeated measures, effect of treatment P = 0.0168, effect of time P < 0.0001; Bonferroni multiple comparisons *P = 0.039 for LP17 versus scrambled peptide at Day 2). b, Infarct volume of WT mice administered LP17 at reperfusion (biologically independent samples per group, n = 6 mice + scrambled peptide (scr) and n = 9 mice + LP17, mean ± s.e.m.; Student's two-tailed unpaired t-test, **P = 0.0014). See Supplementary Fig. 4a,c,d . c, Neurological scores from WT mice administered LP17 at 4.5 h (biologically independent samples per group, n = 12 mice + LP17 and n = 14 mice + scrambled peptide, mean ± s.e.m.; two-way ANOVA, repeated measures, effect of LP17 P = 0.0375, effect of time P < 0.0001, effect of interaction P = 0.024; Bonferroni multiple comparisons **P = 0.0096 scrambled versus LP17 peptides at Day 2). See Supplementary Fig. 4b . d, LP17 administered 4.5 h after reperfusion reduces infarct volume (biologically independent samples per group, n = 12 mice + scrambled peptide and n = 7 mice + LP17, mean ± s.e.m.; Student's two-tailed unpaired t-test, **P = 0.0026 
CD45
hi myeloid cells in LP17-treated mice in IL and CL hemispheres (biologically independent samples, n = 8 mice + scrambled peptide and n = 14 mice + LP17 at reperfusion, mean ± s.e.m.; two-way ANOVA effect of treatment P = 0.0094; Bonferroni multiple comparisons **P < 0.01 for LP17 versus scrambled peptides). g, Percentages of PMNs and Mo/MΦ in LP17-treated mice in IL and CL hemispheres (n = 8-14 biologically independent samples per group, mean ± s.e.m.; two-way ANOVA, effect of treatment in PMNs and Mo/MΦ P < 0.05; effect of treatment in microglia P < 0.01; Bonferroni multiple comparisons *P < 0.05 and **P < 0.01 for LP17 versus scrambled peptides; ****P < 0.0001 for IL versus CL hemisphere for microglia). 
+ myeloid cells in LP17-treated mice in IL and CL hemispheres (n = 8-14 biologically independent samples per group, mean ± s.e.m.; two-way ANOVA effect of LP17 P = 0.0065; Bonferroni multiple comparisons ***P < 0.001 for LP17 versus scrambled peptide). j, Numbers of TREM1 + PMNs and Mo/MΦ in LP17-treated mice in IL and CL hemispheres (n = 7-14 biologically independent samples per group, mean ± s.e.m.; Student's two-tailed unpaired t-test *P < 0.05). k, TREM2 MFI in PMNs and Mo/MΦ 2 d after MCAo in mice ± LP17 or scrambled control peptide at time of reperfusion (n = 7-14 biologically independent samples per group, mean ± s.e.m.; Student's two-tailed unpaired t-test *P < 0.05). See Supplementary Fig. 4e . l, Mice were administered LP17 or scrambled peptide at 4.5, 18, 26 and 48 h after reperfusion and neuroscores were assessed for 5 d (n = 14 scrambled peptide and n = 15 LP17, mean ± s.e.m.; two-way ANOVA, repeated measures, effect of LP17 P = 0.0064; Bonferroni post-hoc *P < 0.05 and **P < 0.01). m, Latency of beam crossing for mice treated with either LP17 or scrambled peptide at four time points (4.5, 18, 26 and 48 h after MCAo; biologically independent samples, n = 5 sham, n = 8 scrambled peptide, n = 11 LP17, mean ± s.e.m.; repeated measures two-way ANOVA, effect of LP17 biologically independent samples P = 0.006, effect of time P < 0.0001; post-hoc: *P < 0.05 for LP17 versus scrambled peptide on Day 7; # P < 0.0001 for sham versus MCAo + scrambled peptide; † P < 0.05 for sham versus MCAo + LP17). n, Number of paw slips in beam-tested mice for sham, LP17 and scrambled peptide-treated mice for right front and hind paws (n = 5 sham, n = 8 scrambled peptide, n = 11 LP17, mean ± s.e.m.; repeated measures two-way ANOVA for LP17 versus scrambled in front paw, effect of LP17 and effect of time, P < 0.05; for rear paw, effect of LP17 P < 0.001 and effect of time P < 0.05; posthoc: **P < 0.01 and ****P < 0.0001 for MCAo + LP17 versus MCAo + scrambled peptide; # P < 0.01 for sham versus MCAo + scrambled peptide). See Supplementary Fig. 4f,g. studies have determined that after stroke, sympathetic inputs to the intestine increase gut permeability, leading to translocation of microbial components that contribute to late, post-stroke bacterial infections 46 . We reasoned that the observed increase in TREM1 PET signal may reflect an induction of TREM1 in response to pathogen-associated molecular pattern molecules (PAMPs) translocating across the intestinal barrier after MCAo. Accordingly, small intestine myeloid cells were examined for TREM1 expression 4.5 h after MCAo, a time point coinciding with increased gut permeability 46 and increased TREM1 expression in blood and spleen Mo/MΦ (see Fig. 2 ). TREM1 MFI increased significantly in CD11b +
+ intestinal myeloid cells (Fig. 6a,b) 45 (Fig. 6c) . The inflammatory P2 Mo/MΦ subset selectively expressed TREM1 after MCAo (Fig. 6d) , with homeostatic resident P3 MΦs remaining TREM1-negative.
To examine whether TREM1 was induced in response to sympathetic-driven increases in gut permeability and subsequent translocation of bacterial components, we administered the β-adrenergic inhibitor propranolol at the time of reperfusion and again 4 h later, and assayed TREM1 expression in small intestine Mo/MΦ at 4.5 h after MCAo. β-Adrenergic blockade decreased TREM1 expression in P2 Ly6C int MHCII + Mo/MΦ but not in P3-resident MΦ or neutrophils (Fig. 6e,f and Supplementary Fig. 6a,b) . Interestingly, reduction in gut permeability with propranolol also decreased TREM1 induction peripherally in blood and splenic Mo/MΦ (Fig. 6g-i along with proinflammatory cytokines (Fig. 6j) . These findings indicate that TREM1 is induced early after MCAo in intestinal and peripheral Mo/MΦ subsets, in response to sympathetically driven increases in gut permeability and PAMP translocation.
Since TREM1 is an amplifier of innate immune responses via interaction with other innate immune receptors, we asked whether TREM1 activation in the lamina propria might further aggravate the already compromised intestinal barrier. We assessed gut permeability with oral administration of fluorescein isothiocyanate-labeled dextran (FITC-dextran) and measurement of serum FITC-dextran concentrations at 4.5 h after MCAo (Fig. 7a,b) . Compared to sham mice, FITC-dextran serum levels increased in wild-type mice administered scrambled peptide after MCAo, but were markedly reduced in LP17-treated mice (Fig. 7a) and Trem1 −/− mice (Fig. 7b) , indicating that intestinal TREM1 activation further increases gut permeability after MCAo. In addition, the abundance of serum LPS increased in MCAo mice at 4.5 h compared to sham, but was reduced in LP17-treated mice (Fig. 7c) and in Trem1 −/− mice (Fig. 7d) . Morphometric examination of lamina propria from duodenum, jejunum and ileum at 4.5 h after MCAo revealed marked decreases in the width of the muscularis layer and crypt height in Trem1 +/+ mice compared with Trem1 −/− mice (Fig. 7e,f) . Expression of the epithelial cell adhesion molecule (EpCAM) was reduced in wild-type mice 4.5 h after MCAo, but preserved in Trem1 −/− mice (Fig. 7g,h ). Deletion of TREM1 was also associated with changes in abundance of IL-27 and chemokines MIP-1α and RANTES (Supplementary Fig. 6d ). TREM1 deficiency also lowered numbers of colony-forming units in spleen collected at 4.5 h after MCAo (Fig. 7i,j and Supplementary Fig. 6e ), suggesting that TREM1 activation significantly increases gut permeability and bacterial translocation after stroke. Thus, TREM1 aggravates the post-stroke innate immune response in two temporally and spatially distinct ways: early after stroke, TREM1 amplifies local intestinal myeloid responses to PAMPs and later, with the infiltration of myeloid cells into ischemic brain, TREM1 amplifies responses to sterile brain DAMPs (model in Supplementary Fig. 7 ).
Discussion
In this study, we identify TREM1 amplification of peripheral myeloid immune responses as a major contributor to stroke injury. TREM1 surface expression was induced in Mo/MΦ subsets in the spleen and blood within hours of cerebral ischemia; together with neutrophils expressing high levels of TREM1, these myeloid cells accumulated in ischemic brain and increased cerebral injury and motor deficits. Genetic ablation of TREM1 or blockade with a decoy peptide improved outcome after stroke, providing proof of concept that this unique immune signaling pathway can drive a substantial component of brain injury in this model. Transcriptomics of brain-infiltrating myeloid cells demonstrated that TREM1 suppresses functions essential for brain recovery, including antioxidant glutathione metabolism, anti-inflammatory TREM2 signaling and lysosomal degradative function. Whole-body PET imaging of MCAo mice revealed induction of TREM1 in brain and spleen, but also in intestine. Recent studies have identified a breach of the intestinal barrier with translocation of microbial components occurring in response to sympathetic overactivity after cerebral ischemia 46, 47 . Indeed, we found that, not only was TREM1 induced in lamina propria inflammatory Mo/ MΦ subsets, but also activation of TREM1 exacerbated gut permeability and translocation of LPS and bacteria to the periphery. These findings support the concept that after stroke a dual and synergistic innate immune response is initiated early on to intestinal microbial components and later on to brain DAMPs, resulting in an enhanced and toxic innate immune response that worsens cerebral injury.
In Cx3cr1
GFP
Ccr2
RFP mice, TREM1 was expressed in the ischemic brain on RFP + cells, consistent with a peripheral myeloid induction of TREM1. PMNs exhibited robust CCR2-driven RFP expression, consistent with induction of CCR2 in other models of immune activation 48, 49 . Infiltrating PMNs expressed the highest levels of TREM1 under homeostatic and post-stroke conditions, unlike Mo/MΦs, where a marked induction occurred after MCAo. Several endogenous ligands for TREM1 have been proposed, including proteoglycan recognition protein 1, a protein found in neutrophils 50 , as well as oxidized lipids and bacterial wall-derived proteins and carbohydrates 21, 51 . Genetic ablation of Trem1 induced a widespread induction of gene expression subserving essential cellular functions, Cu]sotype-control-mAb at 12 h after MCAo. b, Quantification of in vivo PET signal in brain 36 h after MCAo (n = 9 biologically independent samples per group, mean ± s.e.m.; Student's two-tailed t-test, *P < 0.05). c, Quantification of in vivo PET signal in spleen (n = 9 biologically independent samples per group, mean ± s.e.m. except for sham, where n = 3; Student's two-tailed unpaired t-test, *P < 0.05; ***P < 0.001). d, Quantification of in vivo PET signal in intestine (n = 9 biologically independent samples per group, mean ± s.e.m. except for sham, where n = 3; Student's two-tailed t-test, *P < 0.05; ***P < 0.001). e, Representative autoradiography images of coronal brain sections, cresyl violet staining and overlay of autoradiography and cresyl staining from mice imaged with [ including antioxidant defenses, protein translation and processing, lysosomal degradation and other critical metabolic functions. The preservation of these pathways in Trem1 −/− neutrophils suggests that activation of this immune amplifier is highly detrimental to overall myeloid cell metabolism and function.
PET imaging of a highly specific radiolabeled TREM1 antibody confirmed the induction of TREM1 in spleen detected by flow cytometry, but also revealed induction of TREM1 in another major lymphoid organ, the intestine. Recent studies demonstrate that disruptions in gut permeability, occurring in response to activation of sympathetic inputs after cerebral ischemia, lead to early systemic dissemination of commensal gut bacteria 46, 47 . In the current study, we cannot exclude the possibility that increased gut permeability may also result from sympathetic vasoconstriction and mesenteric hypoperfusion. In either case, the activation of TREM1 on P2 Ly6C IL-6 pg ml Supplementary Fig. 6b . e, Effect of ß-adrenergic inhibition with propranolol (ppl) on TREM1 expression in P2 subset of Mo/MΦ after MCAo. See Supplementary Fig. 6c,d . f, Quantification of TREM1 MFI in P3 resident and P2 inflammatory Mo/MΦ subsets in sham, MCAo and MCAo mice ± propranolol (n = 5 sham, n = 8 MCAo and n = 9-10 MCAo + ppl, mean ± s.e.m.; Student's two-tailed unpaired t-test; *P < 0.05). g, Representative histogram of TREM1 expression in blood CD11b
− Mo/MΦ from sham mice and MCAo mice ± propranolol. h, Quantification of TREM1 MFI in blood Mo/MΦ from sham mice and MCAo mice ± propranolol (n = 5 sham, n = 9 MCAo and n = 12 MCAo + ppl, mean ± s.e.m.; Student's two-tailed unpaired t-test; *P < 0.05). i, Quantification of TREM1 MFI in splenic Mo/MΦ from sham mice and MCAo mice ± propranolol (n = 5 sham, n = 10 MCAo and n = 12 MCAo + ppl, mean ± s.e.m.; Student's two-tailed unpaired t-test; *P < 0.05). j, Quantification of plasma IL-6, IL-22, IL-31 and eotaxin from sham mice and MCAo mice ± propranolol (biologically independent samples, sham, n = 3; MCAo + vehicle, n = 5; MCAo + ppl, n = 9, mean ± s.e.m.; two-tailed unpaired t-test; *P < 0.05 **P < 0.01).
defense to a weakened gut barrier, having the unwelcome effect of worsening gut permeability after MCAo.
The preservation of the lamina propria in Trem1 −/− mice may be relevant to the increased survival of Trem1 −/− and LP17-treated mice and would argue against a primary role of TREM1 in countering microbial-mediated infection and mortality. It is possible, as in the case of sepsis 21 , that TREM1 activation increases mortality after MCAo by amplification of immune responses to microbial translocated products, as loss or blockade of TREM1 both improve survival. It remains to be determined what proportion of the innate immune response following cerebral ischemia is driven by translocation of bacterial antigens across the gut barrier versus the immune response to sterile DAMPs released from ischemic brain.
The studies using propranolol may be helpful in teasing apart these two contributions. With ß-adrenergic blockade, the reduction of gut permeability significantly lowered TREM1 induction in peripheral blood macrophages. This suggests that induction of peripheral TREM1 occurs in part as a consequence of gut barrier disruption. Moreover, we observed a marked induction in TREM1 MFI as myeloid cells migrated from the periphery into brain, indicating that ischemic brain significantly induces TREM1 expression as well.
The use of PET to detect TREM1 expression highlights the clinical potential of TREM1 PET imaging to detect and track both systemic and brain innate immune activation and to monitor the timing, localization and degree of myeloid-driven inflammation after stroke. The most widely studied PET ligands for tracking +/+ MCAo and n = 8 Trem1 −/− MCAo, mean ± s.e.m.; Student's two-tailed unpaired t-test *P < 0.05). e, Representative H&E-stained sections of small intestine lamina propria from Trem1 +/+ and Trem1 −/− mice 4.5 h after MCAo showing villus, crypt and muscularis structures. f, Quantification of muscularis and crypt lengths 4.5 h after MCAo (n = 3-9 biologically independent samples per group, mean ± s.e.m.; Student's twotailed unpaired t-test *P < 0.05, **P < 0.01). g, Representative confocal images of EpCAM staining in lamina propria 4.5 h after MCAo, scale bar, 50 μm. h, Quantification of EpCAM expression 4.5 h after MCAo (n = 3-9 per group; Student's two-tailed unpaired t-test; *P < 0.05 and ****P < 0.0001; ns, not significant). i, Representative agar plates from Trem1 +/+ and Trem1 −/− spleen tissue 4.5 h after MCAo, homogenized (see Methods), plated and incubated for 48 h. j, Quantification of bacterial colonies (CFU, colony-forming units) that grew from splenic lysates from Trem1 +/+ and Trem1 −/− mice (n = 3 sham, n = 7 MCAo Trem1 +/+ and n = 5 MCAo Trem1 −/− mice per group, mean ± s.e.m.; Student's two-tailed unpaired t-test *P < 0.05).
inflammation are those that target the translocator protein 18 kDa (TSPO), which is localized on the outer mitochondrial membrane in several cell types, including endothelium, immune cells and astrocytes, where it functions in maintaining mitochondrial homeostasis 52 . TSPO is upregulated under diverse inflammatory conditions and has been used as a marker of inflammation for PET imaging studies 53, 54 , but no biological connection has emerged between TSPO induction and toxic innate immune responses. Here, the biological significance of TREM1 induction, coupled with its expression on myeloid lineage cells, may represent a new approach to non-invasively detect and follow injurious inflammation in living subjects after cerebral ischemia.
In conclusion, we identify a highly detrimental component of the post-stroke innate immune response, driven by peripheral TREM1 + myeloid cells. From a translational perspective, the post-stroke immune response offers an extended window for therapeutic intervention, and strategies targeting TREM1 could be used alone or in combination with thrombolytic/endovascular interventions, whose time windows are more limited. In addition, the early induction of TREM1 in intestine and its role in promoting bacterial translocation are highly relevant to the occurrence of post-stroke bacterial infections that are associated with high morbidity and mortality in stroke patients. Our findings suggest that inhibition of TREM1 after stroke will blunt injurious immune responses, allowing beneficial myeloid responses-including TREM2 responses-to prevail, accelerating recovery and regeneration. Finally, TREM1 actions poststroke may be relevant to other acute central nervous system insults that are similarly characterized by a post-injury immune response, including traumatic brain injury and spinal cord injury.
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Methods
Animals. This study was conducted in accordance with the National Institutes of Health guidelines for the use of experimental animals and protocols were approved by the Institutional Animal Care and Use Committee. Wild-type C57BL/6J, Cx3cr1-GFP (B6.129P(Cg)-Ptprca Cx3cr1tm1Litt/LittJ) and Ccr2-RFP (B6.129(Cg)-Ccr2tm2.1Ifc/J) mice were purchased from Jackson Laboratories.
Trem1
−/− mice in the C57BL/6 background have been previously described 24 . All mice were housed in an environment controlled for lighting (12 h light/dark cycle), temperature and humidity, with food and water available ad libitum. Transient focal ischemia model. All middle cerebral artery occlusion-reperfusion (abbreviated MCAo) experiments were performed by an experimenter blinded to genotype or pharmacological treatment as described previously 55, 56 . The 8-12-week-old male C57BL/6J mice were randomized and subjected to either sham surgery or 45 min of MCA occlusion followed by reperfusion, with survival up to 14 d. Neuroscores were assessed as follows: 0, no deficit; 1, forelimb weakness and torso turning to the ipsilateral side when held by the tail; 2, circling to affected side; 3, unable to bear weight on affected side; 4, no spontaneous locomotor activity or barrel rolling, as described in ref. 57 .
Quantification of infarct volume. Measurement of infarct volume was carried out by an examiner blinded to genotype or treatment. Mice were lethally anesthetized and brain tissue was collected for infarct quantification using cresyl violet, as previously described 56 . For each brain, 20-µm sections at 800-μm intervals were stained with cresyl violet and imaged (Keyence microscope, BZ-9000 Series) and the unstained infarct area was quantified using ImageJ (http://imagej.nih.gov/ij). To minimize the contributions of cytotoxic and vasogenic edema, the infarct volume was determined using the indirect method 58 .
Isolation of immune cells for flow cytometry.
Mice were anesthetized with isoflurane and transcardially perfused with 0.9% saline. Brain hemispheres were homogenized in 10 ml Hank's balanced salt solution (HBSS, ThermoFisher) filtered through a 70-µm cell strainer and centrifuged at 250g for 5 min at 4 °C. Myelin removal was carried out by incubating with collagenase IV (1 mg ml 
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Fluorescence-activated cell sorting. Brain hemispheres were manually homogenized in 10 ml HBSS through a 70-µm cell strainer, centrifuged at 200g, 4 °C for 5 min and resuspended in 800 μl 0.5% BSA in HBSS. Myelin depletion (Miltenyi Biotec) was carried out according to the manufacturer's instructions. Cells were incubated with anti-mouse CD16/32 (5 ng μl −1 , BioLegend, clone 93) for 10 min at 4 °C to block Fc receptor binding, and dead cells were identified using LIVE⁄DEAD Fixable Dead Cell Stain Kit (ThermoFisher Scientific). Cells were stained with antibodies in 100 μl PBS solution for 15 min at 4 °C. The following antibodies were used: CD45 (1 ng μl −1 , Biolegend, clone 30F-11), CD11b (1 ng μl −1 , Biolegend, clone M1/70) and Ly6G (1 ng μl −1 , Biolegend, clone 1A8). Cells were sorted using the BD Aria Fusion II (BD Biosciences) and stored in 300 μl RNA later solution (ThermoFisher Scientific) at 4 °C. Between approximately 15,000 and 50,000 macrophages, neutrophils or microglia per ischemic hemisphere were collected.
RNA isolation and Affymetrix Clariom mouse microarray. RNA purification was performed using the RNeasy Mini Kit (Qiagen). RNA quality was assessed using a BioAnalyzer (Agilent) and yielded an RNA integrity number >8.0 for all samples. In vitro mRNA transcription, labeling and hybridization were performed by the Stanford Protein and Nucleic Acid Facility using the Clariom S Assay HT platform (Affymetrix). Microarray data were analyzed using the Affymetrix Transcription Analysis Console 4 (TAC 4, Affymetrix) to identify statistically significant (FDR < 0.05) differentially expressed genes. Gene enrichment and pathway analyses were conducted using ConsensusPathDB; gene ontology pathway analysis was conducted using DAVID Bioinformatics Resources v.6.8. Gene expression files have been submitted to GEO as submission GSE105132.
Liquid chromatography-mass spectrometry (LC-MS) detection of GSSG/ GSH levels. Peritoneal macrophages were plated in 6-well plates at a confluency of 1.5 × 10 6 cells per well. Cells were washed with 1× PBS twice by aspirating media and immediately adding 1 ml of −80 °C 80:20 methanol:water. After 20 min of incubation on dry ice, the resulting mixture was scraped, collected into a centrifuge tube and centrifuged at 10,000g for 5 min at 4 °C. Pellets were then extracted again with 500 μl of −80 °C 80:20 methanol:water and incubated for 5 min then, centrifuged at 10,000g for 5 min at 4 °C. Both extracts were combined into a 1.5-ml microcentrifuge tube and dried under N 2 . For GSH and GSSG measurement, separate samples were prepared, omitting the drying step, which we observed to result in artifactual GSH oxidation. LC-MS was performed as previously described 59 . In brief, the LC-MS method involved hydrophilic interaction chromatography (HILIC) coupled to the Q Exactive PLUS mass spectrometer (ThermoFisher Scientific). The LC separation was performed on an XBridge BEH Amide column (150 mm × 2.1 mm, 2.5 μm particle size, Waters). Solvent A was 95%:5% H 2 O:acetonitrile with 20 mM ammonium bicarbonate, and solvent B was acetonitrile. The gradient was 0 min, 85% B; 2 min, 85% B; 3 min, 80% B; 5 min, 80% B; 6 min, 75% B; 7 min, 75% B; 8 min, 70% B; 9 min, 70% B; 10 min, 50% B; 12 min, 50% B; 13 min, 25% B; 16 min, 25% B; 18 min, 0% B; 23 min, 0% B; 24 min, 85% B; 30 min, 85% B. Other LC parameters were: flow rate 150 µl min glucose, l-glutamine and sodium pyruvate (Corning). One day before LPS treatment, cells were transferred to 12-well plates at 2 × 10 5 cells per well in 500 µl of culture media. The next day, LPS solutions in culture media (10 ng ml Quantitative real-time PCR. RNA (Qiagen RNA Purification kits) was treated with DNase (Invitrogen) and reverse transcribed to cDNA (High-Capacity cDNA Reverse Transcription Kit, Applied Biosystems). Following cDNA synthesis, samples were amplified for TREM1 and TREM2 (Taqman, TREM1: Mm01278455_m1; TREM2: Mm04209424_g1, Applied Biosystems) and GAPDH (GAPDH: Mm99999915_g1, Applied Biosystems). Fluorescence was measured using QuantStudio 6 Flex and expression levels calculated using the delta-delta CT (ddCT) method. All experiments were conducted in triplicate.
Synthesis of LP17 and scrambled control peptide. LP17 and scrambled peptides were synthesized as described in ref. 44 by the Protein and Nucleic Acid Core Facility at Stanford University. The peptide sequence for LP17 is LQVTDSGLYRCVIYHPP, and for the scrambled control peptide is TDSRCVIGLYHPPLQVY.
Beam-walking test.
A beam-walking test was used to assess the coordination and integrity of motor movements [60] [61] [62] . The time taken to cross the beam and the number of left and right paw slips were recorded with a video camera and analyzed by an experimenter blinded to the treatment groups. The Plexiglas beam was 100-cm long and 0.5-cm wide and was elevated 50 cm off the floor leading to the motivation box (MB) which was 20 cm (length) x 20 cm (width) x 20 cm (height) and made of black plastic. Mice were given five trials of training to learn to traverse the beam. During the first training trial, the animal was placed 25 cm away from the MB; the second trial began at 50 cm away from the MB; on the third, fourth and fifth trials, the animal was placed at the starting point 100 cm away from the MB. On the testing days, mice were given three trials to traverse the beam. The testing days occurred before MCAo and on Day 7 and Day 14 post-surgery. The duration of beam traversal was defined as when the mice started walking across the beam to when the two front paws entered the MB. A maximum trial duration of 300 s was recorded for mice that failed to reach the MB. , pH 8.8) containing 500 μg of TREM1-mAb or isotype-control-mAb, and the reaction mixture was incubated at 4 °C overnight. The reaction was quenched with Tris pH 7.4 (Sigma), excess DOTA-NHS was removed by Zeba Spin Desalting Columns (0.5 ml, 70K molecular weight cut-off, ThermoFisher Scientific) and the resulting solution was buffer-exchanged into ammonium acetate buffer (0.1 M, pH 5.5) for 64 Cu labeling. DOTA-conjugate solutions were concentrated by ultrafiltration
